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SUMMARY 

While routine laboratory tests yield average values of the hydraulic 

and gas conductivities, the actual rate and capacity of flow is not 

revealed. Microstructure analyses of natural clays with hydrous mica 
or smectite as major clay mineral have demonstrated that there are 
large variations in pore size, and that a few wide pores may be 
responsible for the great majority of the permeation. A similar 
behavior may be valid also for "artificially" produced smectite clays 
which are formed from powdered Na bentonite. A model is derived for 
such clays in which the powder grains are regarded as anisotropic 
aggregates which swell on wetting and form a network with pores that 
are successively filled with a clay gel that emanates from the aggre
gates. The density and hydraulic conductivity of the gel is a func
tion of the pore size and distribution as well as of the porewater 
chemistry. 

Applying the model to three "reference" clay types of different bulk 

density, it is shown that realistic data for the hydraulic and gas 
conductivities as well as for the ratio of the anion and cation 
diffusion capacities are arrived at. The model is therefore taken as 

a basis for further development. 
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SCOPE 

The conductivity of water and gas have been measured and expressed in 
terms of average ~pparent permeabilities in several experiments in 
the current SKB research on buffer materials. While such flow data 
are valuable for characterizing and comparing the perviousness of 
soil-type materials, they do not reveal the actual flow rate in the 
pore system or the degree of uniformity of the flow across a permeat
ed section. Since the flow rate is a determinant of internal erosion 
and therefore of the physical stability of the microstructure, and 
the actual flow distribution determines the extent and rate to which 
mineral alteration and attack on embedded metal canisters take place, 
the flow pattern needs to be characterized in greater detail in order 
to allow for the prediction of physical and chemical effects of the 
types mentioned. As to gas permeation, earlier investigations have 
revealed the major mode of penetration but it needs to be further 
examined and related to the actual geometrical features of the pore 
system. 

In this report a number of experimental results are compiled and 
correlated with microstructural data to form a basis for the formula
tion of physical models for water and gas flow through montmorilloni
tic buffer materials. Preliminary mathematical analogies are also 
outlined. 

The report is confined to montmorillonite clay with a density varying 
from that of highly compacted Na bentonite to the soft state of 
smectite gel pore fillings in clay/ballast mixtures. 
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2 CLAY MICROSTRUCTURE 

2. l General influence on water and gas flow rates 

2. l. l Water 

As for other porous media, the hydraulic conductivity of montmorillo
nitic clays is influenced by mechanical effects, particularly the 
void size distribution and tortuosity of the flow passages (1). It is 
a wellknown fact that the average hydraulic conductivity k is more 
than two orders of magnitude lower than that of hydrous mica ("il
lite") which in turn is more than two orders of magnitude lower than 
that of kaolinite (Fig 1). The reason for these differences is that 
the coefficient of permeability is largely controlled by the tendency 
of the clay to disperse and form aggregates, the most surface-active 
mineral montmorillonite forming the most homogeneous, low-pervious 
particle system. Relationships of the sort shown in the diagram have 
been found to be in agreement with semi-empirical expressions 0f the 
average hydraulic conductivity of soils, like Taylor's simple flow 
equation (Eq. 1) and Kozeny-Carman's expression (Eq. 2). The first
mentioned relationship is based on Poiseuille's law, considering the 
soil to behave as a bundle of capillary tubes, while the other is an 
expression for the permeability of porous media. 

PW e3 
k = D~ n • (1+e) C (1) 

where k = Darcy coefficient of permeability 

D = "effective" particle diameter· 
s 

P = unit weight of water 
w 

n = viscosity of water 
e = void ratio 

PW 
k = k S2 n 

0 

• 
e3 
( 1 +e) (2) 

where k = factor depending on pore shape (tortuosity) and ratio of 
0 

length of actual flow path to soil bed thickness 
S = specific surface area 
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Fig 1. Generalized diagram of the Darcy coefficient of permeability 

(k) of "pure" clays versus void ratio (e) and bulk density 

(o) at complete water saturation. M represents montmorillo
m 

nite, H hydrous mica, and K kaolinite 

We see that the microstructure is a determinant of the flow rate in 

both expressions, i.e. in terms of "capillary diameter" in Eq. 1, and 

in the form of pore shape and specific surface area in Eq. 2. The 

latter equation can be put in the form of Eq. 3, in which A can be 

taken as a constant for any particular mineral composition, tempera

ture, and microstructural condition (2). The latter may be quite 
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different in artificially mixed and compacted soils, and it may vary 
very much also in natural sediments depending on the chemistry of the 
water and on the rate of sedimentation at their formation. 

where o = unit weight of minerals 
s 

od = dry density 

(3) 

A most important mechanical, or rather microstructural, effect is 
implicitely given by Fig 1 and that is the insignificant drop in 
permeability when the void ratio is decreased below 0.5. It means 
that the flow equations do not apply well at a void ratio lower than 
this figure and that there are permeable passages that persist even 
at extremely high compression pressures. This fact is of great prac
tical concern and will be focussed on in the report. 

2. 1.2 Gas 

Although gas permeation of water saturated smectite clay has not been 
investigated to the same extent as water percolation, it is clear 
that it is transported in a totally different manner. Actually, the 
microstructure appears to be even more important than it is for water 
flow in the sense that gas penetrates soil-type materials along a 
small number of passages when a certain critical gas pressure has 
been reached. Such channels are assumed to be formed along intrinsic 
weak parts of the microstructure. At lower pressures migration takes 
place in the form of diffusion of dissolved gas. 

2.2 Interaction and arrangement of montmorillonite crystallites 

2.2. 1 General 

While early concepts of clay structure generally implied single plate 
interaction, the model of multiple-plate assemblages (3) has recently 
been validated for all sorts of aged clays (4, 5). According to this 
model the individual clay particles form aggregates separated by 
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voids of different size and interconnectivity. This is shown by Fig 

2, which also illustrates the influence of porewater chemistry on the 

microstructure. 

A number of interparticle bond types are operative in the aggregates 

of consolidated clays. It can be assumed that a significant fraction 

of adjacent particles has edge-to-face, direct mineral contacts with 

primary valence bonds, and van der Waals bonds as major attraction 

forces, while hydrogen and covalent bonds are minor contributors to 
the attraction. Electrical double-layers are developed on free basal 

planes tending to separate the particles. As to montmorillonite in 

lithium and sodium form, the "particles" consist of stacks of cohe

rent flakes or lamellae separated by water which can be understood as 

rather rigid water molecule lattices. 

a 

Fig 2. Schematic clay particle arrangement. a) Clay deposited in 

fresh water with relatively porous aggregates and small voids. 

b) Marine clay with large, dense aggregates separated by large 
voids 
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2. 2. 2 Na montmorillonite 

As in clays with hydrous mica, chlorite and kaolinite as major clay 

minerals, the multiple-plate microstructure holds also for Na montmo

rillonite (5). Thus, Na montmorillonite clay consists of stacks, 

which are thick and comprise several flakes at high bulk densities 

and which persist after expansion but with a smaller number of flakes 

(Fig 3). It is concluded from ongoing studies that the continuity of 

the particle network is preserved even at large expansion, and this 

has a great impact on the erodibility of soft gels such as those used 

for rock grouting. 

The interaction between montmorillonite flakes and interlamellar 

water is concluded to give this ordered, "internal" water an energy 

state that is similar that of ice (7). Probably, only 2 or 3 hydrates 

are hosted in each interlamellar space and they remain immobile 

between the flakes even at high hydraulic gradients. Thus, only 

"external" water in continuous voids is expected to flow under the 

influence of differential piezometric heads. The location of this 

mobile water, which is a major issue in the present context, is 

determined by the microstructure. The matter will be treated in 

detail in the subsequent text. 

For the sake of simplicity we will still use the term particle for 

individual microstructural constituents in the subsequent text to

gether with the specifications "flake" and "lamella" for individual 

crystal sheets, "stacks" for aligned, regularly ordered sheets, and 

"aggregate" for coherent groups of non-oriented sheets and stacks. 
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D 

O.lµm 

Fig 3. Upper: Dense Na montmorillonite clay. A) Large pore, B) Small 
void with external water, C) Stack or "quasicrystal" with 
organized interlamellar water, D) Interface between stacks. 
Middle: Expanded Na montmorillonite gel with very thin 
stacks and practically only external water. Lower:TEM picture 
of expanded Na montmorillonite (Photo: O. Touret) 
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2.3 Quantitative microstructural analysis 

2.3. 1 Experimental technique, definitions 

The evaluation of microstructural features that are relevant to the 

hydraulic conductivity is suitably made by applying transmission 

electron microscopy and ultra-microtomy (3). Micrographs obtained 

from ultra-thin sections represent two-dimensional, vertical sections 

through the clay matrix and this offers a possibility of applying 

simple statistical methods to describe the structural patterns. The 

total pore area (P) in percent of the total area (T) of micrographs, 

and the pore size (a ), are suitable microstructural parameters for 
p 

the present purpose, the pore size being defined as the longest 

intercept. The measurement of pore size (individual measurement) and 

pore area (continuous line integration) are suitably based on drawn 

images of the micrographs in which no discrete particles are depict

ed. Hence, the drawings show black areas for the clay particle matrix 

with no sectioned pore space (Fig 4). Depending on particle size and 

arrangement this matrix has a varying density which is not illustrat

ed by the depicted, uniformly black areas and this means that the 

true porosity cannot be evaluated from the drawings. The sections 

contain very small pores which are embedded in the clay sections and 

which are thus not revealed, but because they do not represent flow 

paths it is acceptable to omit them. An example of the relevance of 

the P/T parameter is given in Fig 5, which illustrates the coagula

tion effect of salt water on clay microstructure. Thus, P/T is much 

higher for soft marine and brackish-water clays than for fresh-water 

clays with similar preconsolidation pressures and water contents. We 

will see later that this parameter is also related to the hydraulic 

conductivity and that a is a particularly important measure of how 

microstructural featurespcontrol water percolation of clays. 
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Fig 4. Example of schematic reproduction of electron micrographs. 
The continuous particle network is marked black without refe
rence to variations in density. The pore system consisting of 
discrete, sectioned pores defined in the picture, is marked 
white 
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Fig 5. P/T versus salinity of Quaternary clays with hydrous mica as 
major clay mineral (8) 

2.3.2 Microstructure of natural clays 

The microstructure of illitic clays has been investigated in great 
detail and a large number of characteristic microstructural data have 
been gained (3). Characteristic pore size data of clays with bulk 
densities ranging between 1.3 and 1.6 t/m3 are shown in Table 1, in 
which the distribution of the pore size is expressed in terms of the 
median and quartile values as well as of the 95-percentile. The 
latter reflects the content of "micro-pores" and "fine" pores accord
ing to 0den's classification (Table 2) which are the major contribu
tors to the P/T value. The data, which are assumed to be representa
tive of smectite-poor clays of quite different mineral compositions, 
are confined to those which can be evaluated from electron micro
graphs covering cross sections of 50-100 µm 2 • A more complete picture 
of the pore size distribution would require that very large cross 
section areas are analyzed and this has been made in more recent 
studies. 
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Table 1 The structural parameter P/T and median values, quartiles 

and percent i 1 e p of the pore size a (Hydro-mica clays) 
95 p 

Site Depth P/T a in µm 

% 
p 

M 0 Q3 p m '1 95 

--------------------------------------------------------------------
Ska-Edeby 2.0 17.4 0.21 0. 14 0.34 0.70 

5.0 9.4 0. 11 0.08 0.20 0.50 

7.0 13.8 0. 13 o. 10 0. 19 0.35 

8.0 21.5 0.24 0. 18 0.40 0.80 

9.0 24.9 0.20 o. 14 0.31 0.70 

10. 0 11.3 o. 19 0. 11 0.32 0.70 

Li 11 a Edet 3.0 37.5 0. 15 0.06 0.25 1. 10 

3.0 48.4 0. 14 0.09 0.25 1.30 

6.0 49.3 0. 13 0.09 0.25 0.95 

19.0 39.7 o. 14 0. 10 0.28 1.00 

Morjarv 4.0 57.0 0.21 0. 14 0.43 1.50 

6.0 45.2 0.33 0.22 0.55 2.50 

9.0 56.2 0.35 0.25 0.60 2.00 

--------------------------------------------------------------------
M = Median value 

Q1= Lower quartile 

Q3= Upper quartile 

Table 2 Oden's size classification 

>200 µm Coarse 

200-20 II Medium 

20- 2 II Fine 

2- 0.2 II Micro-

<0,2 II Ultra-

Similar analyses have been made of dense pre-Quaternary clays of 

which characteristic data are given in Table 3. These clays, some of 
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which contain smectite and are therefore of particular interest, have 
a bulk density ranging between about 1.9 and 2.2 t/m3 • The table 
illustrates the interesting fact that the pore size distribution of 
the dense clays is very similar to that of the soft clays. Yet, there 
is a great difference in the frequency of large voids and the reason 
for this is that such voids, which are numerous in soft sediments, 
are primarily compressed in the course of consolidation, leaving the 
"ultra-pores" unaffected (Fig 6). This is manifested by a difference 
in P/T, which is in the range of 1.5-15.8 % for the dense clays (with 
exception of the Silurian clay) and between 11.3 and 57 % for the 
soft clays with the exception of the extremely fine-grained Ancylus 
clay from 5 m depth. Obviously, this difference is due to a higher 
frequency of voids with a diameter exceeding about 0.5-0.8 µm in the 
soft clay • 

• 

d 

~~ ~o 
a ____ ..,_ _________ _ 

p PORES FINELY POROUS CLAY MATRIX ::::: LOCAL FAILURE ZONES 

Fig 6. Microstructural changes induced by compression (9). The large 
voids are primarily compressed while the smaller ones persist 

-



14 

Table 3 Structural parameters of pre-Quaternary, dense clays. The 

major minerals are given in the right column 

Clay sediment 
M 

Cambrian clay o. 18 0. 12 0.30 

Ordovician bent clay 0. 12 0.08 0.20 

Silurian clay 0.20 O. 14 0.33 

Triassic clay O. 12 0.09 0.25 

Cretaceous kaolin clay 0. 11 O. 10 0.28 

Cretaceous Fish clay 0.30 0.25 0.45 

Tertiary London clay 0.29 0.22 0.50 

Tertiary Rosnaes clay 0.33 0.20 0.86 

P/T 

6.7 
1.5 

37.2 
7.0 
9.3 

12.7 
14.5 
15.8 

Clay 
minerals* 

H>Ch l>K 
S>Chl>K 
H>Chl 
S>H>K>Ch 1 

K 

S>K 
H>S>K>Ch l 
S>H>K>Ch 1 

Bulk dens 
o, t/m3 

m 

2.2 
2.0 
2.2 
2.3 
2. l 

1.9 

1.9 

1.8 

* S = smectite and mixed layer minerals, H = hydrous mica, 

Chl = chlorite, K = kaolinite 

As concerns the influence of different clay minerals we see that the 

dense, smectite-rich materials, i.e. the Ordovician and Triassic 

clays, have a smaller variation (Q -Q) in pore size than the other 
3 1 

dense clays (Cambrian, Silurian and Cretacious) and this is attribut-

ed to the ability of the smectite component to swell and become 

homogeneous. This property was obviously not as strong in the two 

softer smectitic clays. 

2.3.3 Microstructure of "artificial" smectite clays 

In practically all the comprehensive laboratory tests which have been 

made of pure bentonites in Sweden, air-dry bentonite powder has been 

applied in oedometers and confined between fixed filters during water 

uptake to reach saturation. Since many of the practical repository 

sealing operations imply that Na bentonite powder is used, it is 

pertinent to consider the microstructure of such "artificially" pro

duced clays. The individual grains consist of large numbers of more 

or less aligned stacks of montmorillonite flakes but since the grains 

are randomly oriented in the powder mass the orientation of flakes is 

approximately at random also in the saturated state. The homogeniza

tion, or maturation process, which is schematically illustrated in 
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Fig 7, is expected to yield a microstructural pattern that is much 

more isotropic than in natural smectitic clays, where there is gene

rally a marked alignment of the particles. At high bulk densities the 

microstructural homogeneity of the compacted material is expected to 

be very good with a narrow void size spectrum, while a low bulk 

density would logically imply a larger variation. It is also reason

able to believe that the voids between the powder grains do not 

become effectively occupied by clay emerging from the expanding 

grains and that they remain to be primary passage-ways for water and 

gas even at high bulk densities. 

~.3.3.1 Soft Na montmorillonite clay gels 

In this context it is of fundamental importance to distinguish bet

ween interlamellar space holding "internal" water, and voids which 

host "external" water (7). The first-mentioned space contains immo

bile, interlamellar water that forms a large fraction of the total 

pore volume in smectite-rich clays of high density, while it only 

represents a minor part at densities lower than about 1.3-1.4 t/m3 

(Fiq 8). Naturally, a much larger number of voids combine to form 

passage-ways for water or gas in soft than in very dense smectite 

clays. The microstructural evolution that leads to these different 

conditions can be demonstrated by considering the size distribution 

of the powder grains (Fig 9) and their arrangement, which is illu

strated by the ten random structures shown in ;-ig 10. The latter is 

representative of uncompacted bac<fillings of bentonite powder like 

that of the SFR slot backfilling, and we will examine one arbitrarily 

chosen example, i.e. no l in Fig 10, to see what the characteristic 

spread in microstructural density will be on wetting and internal 

swelling. In order to make our point clear we will consider several 

cases of grain orientation, the purpose being to illustrate how 

anisotropic grain swelling yields various degrees of heterogeneity of 

the microstructural pattern. Fig 11 shows the assumed variation in 

orientation, while Fig l~ demonstrates the associated variation in 

bulk density after complete wetting and expansion in one plane, pro

vided that the outer boundaries of the elements remain essentially 

stationary. 
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Fig 7. Homogenization of artificially produced Na bentonite clay. 
Upper: SEM picture of MX-80 powder grains (white line is 10 µm 
long, photo D.M. Anderson). Lower: Schematic particle arrange
ment in highly compacted Na bentonite. Left picture: powder 
grains in air-dry state. Right picture: "homogeneous" state 
after saturation and particle redistribution. A=grain con
sisting of stacks of flakes, a and b=voids of various size, 
c=interlamellar space in stack 
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Fig 9. Grain size characteristics of MX-80 Na bentonite powder. 

A represents the particle size distribution according to 

sedimentation analyses. B) and C) represent powder from 

different bulk loads after sieving in air-dry condition 
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Fig 10. Ten random structures of MX-80 grains 
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JO.Smm 

Fig 11. Assumed variation in orientation of MX-80 grains arranged 

according to no 1 in Fig 10. All crystal ab-planes are taken 

to be perpendicular to the plane of the paper 
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Fig 12 shows that although the grain orientation has some impact on 

the degree of homogenization of Na montmorillonite clay, its general 

microstructure features are mainly determined by the initial size 

distribution of the powder grains. The pictures indicate that for a 

bulk density of 1.5-1.7 t/m3 , about 5-10 % of an arbitrary cross 

section represents clay gels with a high content of mobile water (n 
m 

= 1. 1-1.3 g/cm3 )* and that only about 0.5-2 % intersect very open 

gels (a 1.1 g/cm3 ). It is reasonable to believe that the last-men-
m 

tioned microstructural components form pore fillings that are respon-
sible for part of the water conductivity, ~ut since the degree of 
interconnectivity is higher of the clay gel of ''intermediate perme

ability", i.e. 1.1-1.3 g/cm3 the latter is orobably a determinant of 

the percolation of water. 

The micrograph in Fig 13 illustrates that a Na montmorillonite gel 
with a bulk density of about 1.3 t/m3 forms a relatively reqular, 

honeycomb-like system of small aggregates with an average size of 

interaggregate pores of about l µm and an average size of 111 pores 
of 0.1-0.5 µm. At lower gel densities the volds are naturally larger. 

~.3.3.2 Dense Na montmorillonite clay 

The conclusion from the preceding discussion of soft 11 artificlal 11 ~a 

montmorillonite clay that the initial arrangement of the powdar 
grains determines the geometry of potential flow paths, applies also 

in the case of compacted powders. This can be imagined by co~sidering 
the theoretical case of strong isotropic compaction of the particle 

assemblage termed 11 a 11 in Fig 11. As shown in Fig 14 intense compac
tion is exoected to yield a dense layering of distorted grains wit~ 

much elastic energy stored in the system. Irrespective of the compac

tion pressure there will be a certain frequency of open voids wit~ a 

maximum size of 50-100 µm, which may be compressed to 10-20 µm after 

complete saturation and swelling of the grains. These voids are 

expected to be invaded by montmorillonite flakes which emerge from 

* In order to distinguish between the different microstructural 

components we express the density of the pore-filling gels in g/cm3 , 

while the bulk density of the total mass is expressed in t/m3 , 

keeping in mind that 1 g/cm3 =l t/m3 • 
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the expanded, dense grains and form a gel with a bulk density of 
"intermediate" permeability as in the previously discussed softer 
clays. While this microstructural component may represent 5-10 % of 
an arbitrary cross section in softer clays, it is assumed to form 
only 0.5-1 % in heavily compacted, saturated Na montmorillonite clay. 

Fig 13. Electron micrograph of ultrathin section of Na montmoril
lonite with a bulk density of about 1.3 t/m3 

lµm 
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Fig 14. Probable density distribution of compacted MX-80 grain 
assemblage shown in Fig 12. Total bulk density 2. l t/m3 

after saturation 
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OUTLINE OF MICROSTRUCTURE MOOEL OF "ARTIFICIAL" SMECTITE 

CLAY 

General aspects 

A key feature of the microstructural model of artificial Na montmo

rillonite clay that will be outlined in this report is that its bulk 

hydraulic conductivity is governed by the clay gel that is formed in 

the voids between expanded powder grains. At bulk densities higher 

than 1.5-1.7 t/m3 there are probably no unfilled voids which are 

larger than about 1 µm and this means that the gross hydraulic con

ductivity of such clays is determined by the fraction of an arbitry 

cross section that is occupied by soft gels. 

Assuming that this fraction is 5-10 % for clays with a bulk density 

of 1.5-1.7 t/m3 , the average hydraulic conductivity would thus be 

roughly 5-10 % of that of the void-filling gels if there is no 

variation in interconnectivity. If the gels are assumed to have an 

average density of 1.3 g/cm3 and a hydraulic conductivity of 10- 11 

m/s, clays with a bulk density of 1.5-1.7 t/m3 would be expected to 

have an average hydraulic conductivity of 5 • ,o- 13 to ,o- 12 m/s which 

is in reasonable agreement with experience. For hilhly compacted Na 

montmorillonite the value would be 5 • 1 □- 14 to 10- 3 m/s, which is 

also on the right order of magnitude, indicating that the model of 

soft gels filling the voids between grains in moderately and densely 

compacted "artificial'' Na montmorillonite clays is reasonable with 

respect to the permeability. The absence of such "self-healing" void 

fillings in illitic clay with a bulk density of 1.5-1.7 t/m3 is aptly 

demonstrated by the diagram in Fig 15, which shows a plotting of the 

hydraulic conductivity of such clays related to P/T. We see that 

there is a general relationship between P/T and the hydraulic conduc

tivity, and that the PIT-range is similar to that of Na montmorillo

nite clays of the same density. The gross hydraulic conductivity of 

the latter is, however, only about 1 % of that of the illitic clays 

which is explained by the earlier mentioned fact that wide, open 

voids forming continuous flow passages give the major contribution to 

the P/T value of illite clays. While such clays are characterized by 
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a complex microstructure with a very wide range of void sizes, "arti
ficial" montmorillonite clays formed from bentonite powders appear to 
have a more regular void pattern. 

Fig 15. 
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3.2. 1 
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P/T versus hydraulic conductivity k of illitic clays with a 
bulk density of 1.5-1.7 t/m3 (8) 

Main features of the model 

"Effective" porosity, "external" pores 

Referring to the text in the preceding chapters we assume here that 
air-dry Na montmorillonite in the form of commercial bentonite powder 
grains consists of large stacks of flakes with one interlamellar 
water molecule layer. Taking the specific density of the crystal 
lattice as 2.7 g/cm3 and the density of the water as 1.0 g/cm3 *, the 
density of the grains is 2.31 g/cm3 and the "effective" porosity n, 
referring to "external" space between the grains, as given in Table 4 
for three arbitrarily chosen bulk densities. 

* The actual density of interlamellar water may be lower than unity, 
but taking the density of dehydrated montmorillonite as 2.7 g/cm3 the 
possible error is insignificant 
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Table 4. Density and effective porosity (n) of air-dry, smectite-rich 

powder 

Type 

A 

B 

C 

Bulk density of 

air-dry powder 

t/m3 

2.0 

1. 5 

1.0 

Dry density 

t/m3 

1.80 

1.35 
0.90 

Density at compl 

saturation 

t/m3 

2. 13 

1.85 
1.57 

n 

o. 13 

0.35 
0.57 

Water uptake and expansion of the grains to hold 2 or 3 interlamellar 

hydrates yields the theoretical effective porosity given in Table 5. 

For the highest initial bulk density (Type A) complete uptake to 2 

and 3 hydrates is not geometrically possible. A reasonable assumption 

made here is that 2/3 of the grains expand to host 2 complete hyd

rates and that no aggregate takes up 3 hydrates. 

Table 5. Effective porosity n after expansion of clay types A, B, C 

under constant volume conditions 

Type 

A 

B 

C 

3.2.2 

2 hydrates 

0.015* 
0.20 

0.47 

n 

3 hydrates 

0.05* 

0.37* 

Size distribution of external pores 

* Matured state. The 

values used for 

conductivity cal

culations 

The external pore volume that remains after the expansion of the 

grains will not be free from mineral particles. Soft clay gels, 

emanating from the grains will be formed in the pore space and they 

will determine the hydraulic conductivity of the bulk clay. The 

density of these gels is assumed to depend on the size of the exter

nal pores, the size distribution of which is assumed to be log nor

mal. In order to reflect the pore size ranges observed for the three 
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types of clay, means and standard deviations are set to match the 
following conditions: 

I The minimum pore diameter for the three types of clay is 0. 1 µm 

II For clays A, B, C the maximum pore diameters are 5 µm, 20 µm and 
50 µm respectively. 

It is further assumed that 95 % of the total pore space falls in the 
diameter intervals postulated above. The log normal distribution will 
then, by definition, predict a small portion (2.5 %) of the total 
external pore space to consist of pores with diameters larger than 
the maximum value. These pores are treated as maximum diameter pores 
when computing the hydraulic conductivity, the distribution functions 
being adjusted accordingly (Fig 16). 
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Another 2.5 % portion will correspondingly fall outside the lower 
diameter limit but, having no influence on the conductivity, it does 

not need to be further considered. 

The mean size and standard deviation of the external pores of the 
three clay types are shown in Table 6, while the fraction of a cross 
section that is occupied by intersected pores is given by Fig 17. 
From this figure one finds for example that for Clay A the fraction 
of intersected pores sized 0.3-1 µm (3 •10-7-10-6 m) is approximately 
0.65 • 106x0.7 10-6 (mean value for the interval)x(interval length). 
This yields 0.45, i.e. 45 %. The corresponding fraction for Clay C is 

only about 20 %. Naturally, this kind of derivation can made 

more easily by use of the previous diagram. 
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Fig 17. Distribution of the ratio of the pore cross section area and 
the total cross section area. Clay A is marked by a full 
line, B by a broken line and C by a dotted one 
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Table 5. Mean size and standard deviation of external pores 

Clay type 

A 

B 

C 

Mean value 

µm 

0.70 

1.32 

2.20 

Standard deviation, 

powers of ten 

0.42 

0.58 

o.~8 

The actual size range of external pores in mat11red Na bentcnite cl 
as interpreted from electron micrographs corresponds well wi t 

in Table 6. Thus, microstructural analyses based on scann1 
scopy of clays of this sort with a bulk density in the ranqe of th t 

of Clays A and B, indicate an average equivalent diameter of ,J0eu· 

penetrating voids of about 1.2 µm. This is illustrated by the m1 ro
graphs in Fig 18, which demonstrates that the large majority of the 
voids are smaller than 1 µm but that there are also a few wider voids 
1ike the encircled ones. The lack of gel filling in these voids ls 
only apparent since the freeze-drying caused collapse of the soft 

gel, which was then lost by the tape peeling that is part of the 
preparation. 
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Jµm 

Fig 18. Typical scanning micrographs of matured commercial Na 
bentonite (MX-80) with a bulk density of 1.9 t/m3 • Probable 
"external" pores encircled 
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3.2.3 Density of gels filling external pores 

In order to estimate the hydraulic conductivity of the gels in the 
external pores we first need to calculate their density. At present 
there is no experimental basis for selecting reliable values but the 
right order of magnitude can be safely estimated, our choice being 
that in Table 7. 

Table 7. Average clay gel densities in external pores of different 
size 

Pore size interval, 
µm 

1 - 5 
5 - 20 

20 - 50 

Gel density, 
g/cm3 

1.3 

1.2 

1. 1 

As to the involved physics it is concluded from various studies (5) 
that fragments of dense grains become separated and undergo further 
partial disintegration when they are allowed to expand in open voids, 
thereby forming the soft gels that we are concerned with here. This 
process yields the microstructural pattern that is schematically 
shown in Fig 19. Since the gels emanate from the grains, the size and 
volume of the latter decrease slightly in the course of the gel 
formation by which the external porosity is increased. In practice, 
therefore, the boundaries between the rather massive expanded grains 
and the soft gels in external pores is of course not as distinct as 
in this schematic drawing. 

In Fig 20 schematic diagrams are shown of the relative amounts of 
microstructural unity in the three clay types. An important feature 
of the model, and a prerequisite of its validity, can be implicitely 
derived from Fig 19, and that is the interconnectivity of the flow 
passages formed by the gel-filled external pores. Naturally, they do 
not form straight "capillaries" but winding paths of the sort that 
can be imagined by applying probabilistic reasonings (10). 
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The voids of the gel infillings is controlled by the density and the 

porewater chemistry. Assuming the particles to be arranged in a 

regular card-house manner, the void size is about 0.05 µm for a gel 

density of 1.3 g/cm3 at water saturation, while the corresponding 

figures are 0.09 and 0.2 µm for the densities 1.2 and 1. 1 g/cm3 , 

respectively. In practice we expect the average void size for fresh

water conditions to be 0. 1-0.5 µm depending on the gel density, while 

brackish water of the Forsmark type is assumed to produce an average 

void size of 0.2-1 µm for the given gel concentration range. The 

corresponding build-up of the gels is illustrated by Fig 21, which is 

meant to illustrate the characteristic microstructural feature of 

coupled aggregates. They act as rather strong units which move as 

such under influence of low and moderate shear stresses, and which 

get torn-off in the course of erosion. 

II 
Fig 19. Generalized microstructural pattern of Na montmorillonite 

clay gel formed from powder grains. I is expanded grain 
(1-3 interlamellar hydrates), II external pores with gels 

of different densities 
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lµm 

Fig 21. The microstructure of gels formed in external pores. Upper: 
generalized regular pattern of soft aggregates. Lower: Scann
ing micrograph of freeze-dried specimen with a density of 
about 1.3 g/cm3 

3.2.4 Hydraulic conductivity of gels filling external pores 

A characteristic property of our model is that the gel filling of 
external pores has a density that depends on their size, which yields 
a varying hydraulic conductivity over a cross section. Turning back 
to the diagram in Fig 1 we have a basis for ascribing representative 
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hydraulic conductivities to the three gel densities specified in 

Table 8. A distinction is made between the case of practically elec

trolyte-free porewater, i.e. distilled water, and strongly brackish 

water with a salinity of about 1/3 of that of the oceans ("Fors

mark"). 

Table 8. Assumed hydraulic density of the clay gels 

Gel density 
g/cm3 

1.3 
1.2 
l. 1 

Hydraulic conductivity, m/s 
Distilled Forsmark 

-10 
10 

-9 
10 
10-s 

3.2.5 Hydraulic conductivity of clay in bulk 

With the previously defined assumptions we get the distribution of 

impermeable and permeable fractions of a cross section that is given 

in Table 9. The resulting average hydraulic conductivity of the three 

clay types are also given (k 1) as well as representative values of 

the hydraulic conductivity of laboratory-tested commercial Na bento

nites (k ) . 
2 

We conclude from Table 9 that the model yields values which are in 

fair agreement with experimental data. The diagram in Fig 22 illu

strates the graphical appearance of the relationship between the 

average hydraulic conductivity and the dry density of clay in bulk. 
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Table 9. Distribution of permeable zones and average hydraulic con

ductivity of clay in bulk at room temperature. k represents 
l 

the model while the k illustrates typical experimental data 
2 

Clay Pore 
type water 

type 

Disc pores 
with diam 
smaller than 
1 rim 

Gel f i 11 i ng s with 

k=10- 11 k=10-lO k=10-g k=10-B 

A 

B 

C 

A 

B 

C 

Dist w 64 

42 

31 

Brackish w 64 

42 
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3.3 Physical implications of the model 

3. 3. l General 

Naturally, various microstructural models can be designed so as to 
yield conductivity data that fit certain laboratory experiments like 
the ones which we used for back-checking. However, the model must 
also fit other major soil data and behave according to what is ob
served in laboratory tests of various kinds. Thus, the relationship 
between density and swelling pressure and gas conductivity must be at 
least qualitatively in agreement with what is recorded in the labora
tory. Finally, the cation and anion diffusivities must also be in 
reasonable agreement with the major properties that are familiar from 
various literature references. We will consider these points and 
finally draw conclusions as to the water percolation processes in 
smectite clays with special respect to some major physical and chemi
cal effects. 

3.3.2 Swelling pressure 

The swelling pressure can be estimated by considering the schematic 
microstructural arrangement in Fig 19 and the block diagram in Fig 
20, which yields the fraction of a cross section that is occupied by 
aggregates, i.e. the units which are major contributors to the swell
ing pressure in bulk. Thus, disregarding the gels in the external 
pores, which can be assumed to give an insignificant contribution, 
the swelling pressure in bulk can be estimated by use of Eq. (4): 

p =a:(Ip,A.)/A 
S 1 1 

where p = 
s 

P.= 
1 

swelling pressure in bulk 
"true" swelling pressure 
internal water only 

a = aggregate orientation factor 

of aggregates 

A= total area of a unit cross section 

(4) 

(stacks) 

A.= contact area of aggregates in the unit cross section 
1 

with 

Assuming that one third of the aggregates are oriented with the 
crystallographic c-axis in the direction in which the swelling pres-
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sure is considered, we get a=l/3. p. depends on the number of inter-, 
lamellar hydrate layers in a manner that is controlled by the kind 
and amount of interlamellar cations. Applying Yong & Warkentin's 
theory (11) we would expect the true swelling pressure to be related 

to the number of hydrates as given by Table 10, and taking a=l/3 and 

calculating A.IA from the ratio of "the impermeable clay matrix" area 
l 

and the total area of the respective columns in Fig 20, we arrive at 
the average bulk swelling pressures given in Table 11, which also 
comprises representative laboratory test results. 

Table 10. Theoretical, 11 true 11 swelling pressure of sodium montmoril
lonite ( 12) 

Number of interlamellar 
hydrates 

p. 
l 

MPa 

Table 11. 

Clay type 

A* 
B 

C 

1 

2 

3 

17 

8 

5 

Swelling pressure of clay in bulk. psl refers to the 
model, while p represents characteristic laboratory test 

s2 
values 

p. 
l 

MPa 

12 
5 

5 

A. /.A. 
l 

0. 99 

0.95 

0.54 

3.8 

1.6 

1. 1 

p 
s2 

MPa 

10 - 15 

0.5-1.5 
<0.2 

* Assuming 2/3 of the aggregates to host 2 interlamellar hydrate 
layers and the rest 1 hydrate layer 

We conclude from Table 11 that the model yields swelling pressure 
values that are in reasonable agreement with recorded ones for a bulk 
dry density of 1.35 t/m3 (Clay 8), while for low densities (Clay C) 
the model yields values that are significantly higher than typical 
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recorded values. This may be explained by microstructural effects. 
Thus, considering the frequent defects and deviation from a perfect 
stacking of the mineral flakes, the expansion of the grains in Clay C 
to hold 3 interlamellar hydrate layers is probably associated with a 
considerab1e loss in continuity and stress transfer within the 
stacks. The underestimation of the swelling pressure of the dense 
Clay A is due to incorrect assumptions that form the basis of the 
Yong/ Warkentin theory for single interlamellar hydrate layers of 
sodium montmorillonite as pointed out by various investigators (13). 
Thus, strong mineral/water interaction through hydrogen and van der 
Waals bonds yields a much higher swelling pressure than the osmotic 
pressure that is taken as the basis of the Yong and Warkentin model. 

3.3.3 Gas conductivity 

Several investigations have demonstrated that gas penetrates smectite 
clays in gaseous form when the pressure is sufficiently high (14, 
15). This migration takes place through a few wide passages as obser
ved in gas conductivity tests. It has been demonstrated that the 
critical pressure is very much dependent on the bulk density of the 
clay (cf. Table 12) and that this pressure can be predicted by con
sidering the pore system to be equivalent with quartz capillaries. 
This yields the values in Table 13 and from Tables 12 and 13 we 
conclude that our reference clay types should have a maximum pore 
diameter of about 0. 1 µm for Clay A, 2 µm for Clay B, and 20 µm for 
Clay C in order to fit the capillary analogy. For Clay A this figure 
agrees rather well with the actual void size (0. 1-0.2 µm) of the gel 
in the external pores, while for Clay B there is less good agreement 
with the gel void size (0.2-0.5 µm). For Clay C the analogy even 
requires a 20 times larger gel void size than the actual one in order 
to yield a representative critical pressure, the discrepancy being 
explained by the low mechanical strength of the gel. Thus, it is 
logical to believe that when gas penetrates the relatively large 
external pores filled with 1. 1 g/cm3 clay gel, this gel is displaced 
and opens the largest external pores to a width that may approach the 
original one, i.e. 20-50 µm. This effect can be assumed to be ini
tiated also at bulk densities represented by Clay B. 



40 

Even for higher dry densities than that of Clay B the penetration of 

gas requires some displacement of the clay gel, and since this 

affects also the system of densely layered stacks which are strongly 

pressed together, it is logical to believe that the critical gas 

pressure is on the same order of magnitude as the swelling pressure 

for clays of high density. 

Table 12. Compilation of experimental data on the critical gas 

pressure (p ) of commercial Na bentonites (15) 
g 

o d, t/m3 

0.87 

0 .95 

1.00 

1.08 

1.40 

1.46 

1.62 

1. 71 

1. 75 

1. 78 

1.79 

p , kPa 
g 

15 

60 

60 

160 

1600 

2400 

5000 

5000 

11000 

19000 

21000 

Table 13. Critical pressure (p ) in quartz capillaries (15) 
g 

D, µm 

200 

150 

40 

20 

10 

4 

2 

1 

0. 1 

0.01 

p , kPa 
g 

1.5 
3 

7 

14 

30 

70 

140 

300 

3000 

30000 
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3.3.4 Diffusion 

The model implies that regularly ordered stacks holding only internal 

water and exchangeable cations in interlamellar positions do not 

allow for anion migration, while cations may or may not diffuse 

through the aggregates depending of their size and charge. Since the 

external pores, filled with clay gels of varying density, offer the 

only pathways for anions the diffusion capacity should be roughly 

proportional to the "effective" porosity (Table 5), which, after 

complete maturation, is 0.015 for Clay A and 0.05 and 0.37 for Clays 

B and C, respectively. Assuming that cation diffusion takes place 

through the entire water-filled space represented by the total poro

sities 0.34, 0.50, and 0.66 for Clays A, B, and C, it is concluded 
that the anion diffusion capacity is about 5 % of that of cations for 

Clay A, while the corresponding figure is roughly 10 % for Clay Band 

55 % for Clay C. 0ata from diffusion experiments with clays of a bulk 

density similar to that of Clay A, i.e. about~- 1 t/m3 , confirm that 

this ratio is actually only a few percent (16). 

The exclusion of anions from regularly organized stacks of flakes 

expanded to hold up to 3 hydrate layers in interlamellar positions 

does not imply that anion diffusion takes place exclusively in the 

gel-filled external pores. Thus, considering the frequent structural 

defects of bentonite grains in the form of openings that are wide 

enough to permit development of electrical double-layers and forma

tion of mobile water with freely moving ions (cf. Fig 3), it is clear 

that migration of ions takes place into many "dead end'' pores in 

large stacks like those termed I in Fig 19. In agreement with the 

hypothesis of Torstenfelt and Allard (17) this would lead to two 

apparently different anion diffusion mechanisms with a deviation from 

the theoretical concentration profile representing simple "pore dif

fusion". The processes combine to yield an excess concentration at 

small distances from the ion source in short term laboratory experi
ments as illustrated by the diagram in Fig 23. Cations which are 

small enough to pass through interlamellar space, like Na and Li, are 

not expected to exhibit the same diffusion pattern, while certain 

large cations which are excluded from interlamellar positions for 

geometrical and charge reasons are assumed to behave in a similar way 

as anions. 
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Fig 23. Diffusion of iodine in Na bentonite (o = 2.0 t/m3 ), the 
m 

profile determined 157 days after start (17). C is concen-

tration, x distance from ion source 

3.3.5 Uniformity of water percolation 

The flow model described in this report implies a large variation in 

flow rate and capacity of the permeable intergranular passages. This 

means that major parts of the clay matrix will not be permeated at 

all while certain very narrow zones will be percolated at a very high 

rate. A positive effect of this variation is that the migration of 

certain dissolved substances that can attack the clay minerals or 

canisters embedded in the clay mass, will be very much delayed and 

the solution may not even react at all with large parts of the 

permeated mass. This effect is illustrated by a test in which a 

strong NaOH base was percolated through a highly compacted Na bento

nite sample. Although the amount of solution that was forced through 

the sample corresponded to 16 times the total pore volume during the 
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1 year long test, no measurable effect on the montmorillonite mine
rals could be detected (18). 

The variation in flow rate over a cross section of Na smectite clay 
according to our model is amply illustrated by the three clay types 
A, Band C as depicted in Figs 24-25. They show square-shaped cross 
sections with a side length of 250 µm from which we see that Clay ~, 
with a dry density of 1.8 t/m3 , has a fairly homogeneous structure 
with an apparently uniform percolation rate of the 1-5 µm wide gel
filled pores. We note that the pores are widely separated by large 
impervious parts of the clay matrix. 

Clay B, with a dry density of 1.35 t/m3 , has a certain, small number 
of 5-20 µm wide, gel-filled pores which let water through at a rate 
that is 10 times higher than that of the 1-5 µm pores. As to Clay C, 
finally, we see that in this soft clay (p =0.9 t/m3 ) there are a few 

d 
20-50 µm wide pores filled with a soft clay gel. These pores are · 
responsible for 72 % of the flow and yield flow rates which are 100 
times higher than that of the 1-5 µm pores. 

: : 

Fig 24. Flow rate distribution in Clay A. Dots represent external 
gel-filled pores sized 1-5 µm. The total number is 168 over 
the 250x250 µm cross section area 
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Fig 25. Flow rate distribution in Clay B. Dots represent 1-5 µm pores 
and short bars 5-20 µm gel-filled external pores. The numbers 

are 547 and 10, respectively, per 250x250 µm cross section area 

Fig 26. Flow rate distribution in Clay C. Dots 
pores, short bars 5-20 µm pores, and the 
gel-filled external pores. The numbers are 
respectively, per 250x250 µm cross section 

represent 1-5 
long bars 20-50 
3400, 100, and 
area 

µm 
µm 

2, 
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A negative effect of the variation in flow rate is that the locally 

occurring rapid percolation may affect the mechanical stability of 

soft gels in the external pores. Thus, the average flow rate at a 
-6 

hydraulic gradient of 50 is on the order of 10 m/s in the widest 

gel-filled pores of Clay C, and this is sufficient to distort the 

softest gels i.e. those with a bulk density of about 1. 1 g/cm3 • True 

erosion in the form of disintegration and washing out of small clay 

aggregates over large distances will not take place at this moderate 

flow rate (19) but the probable slight displacements that the gel 

undergoes will lead to a time-dependent change in bulk hydraulic 

conductivity as illustrated by Fig 27. It is clear that gradients on 
the order of 103 to 104, which are often applied in laboratory inves

tigations, certainly produce microstructural alterations. 

k, 
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Fig 27. Time-dependent change in hydraulic conductivity of GEK0/QI 
bentonite with a dry density of 0.95 t/m3 , percolated by 
Forsmark water at a hydraulic gradient of 50 
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4 CONCLUSIONS, RECOMMENDATIONS 

A general, main conclusion from the study is that the microstructure 

of "artificial'' Na montmorillonite clays formed from bentonite powder 

grains, controls all the important transport mechanisms. The key 

feature of the microstructural model is that the dense grains 

constitute a basic network with continuous "external'' pores of 

varying size. At hydration of the system under confined conditions 

the grains expand and reduce the porosity, and the remaining voids 

then become filled by soft clay gels that emanate from the dense 

grains. The density of the gels is a function of the void size, which 

means that there is a variation in hydraulic conductivity and 

mechanical strength of the gel fillings. This type of model would 

explain a number of the laboratory-derived physical and 

physico/chemical properties of such "artificial'' clays, the major 

points being: 

1 Complete structural homogeneity will never be arrived at. One 

consequence of this is that there will always be a number of 

relatively conductive flow passages even at very high bulk 

densities, meaning that there is no treshold gradient for 

initiating water flow. At moderate and high bulk densities 

large parts of the clay matrix are impermeable, however. 

2 The empirical finding that the critical gas pressure is very 

much dependent on the bulk density is explained by the asso

ciated variation in mechanical strength of the gel fillings. 

The small intergranular pores at high bulk densities yield 

denser and stronger gel fillings than in less dense clays, 

which results in higher critical gas pressures at high densi

ties. 

3 Even at very high densities the bulk hydraulic conductivity is 

a function of the porewater chemistry. This can only be ex

plained by the feature of "fibrous" continuous passages of soft 

clay gels which are sensitive to the composition and concentra

tion of cations in the water. 
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4 The laboratory-derived conclusion that the anion diffusion 
capacity of dense clays is very much smaller than that of 
cations, is nicely explained by the dominance of dense grains 
with small interlamellar spacing and Donnan exclusion of 
anions. 

In order to check the model more thoroughly and to refine it, the 
following steps should be taken: 

* Transmission electron and optical microscopy of matured clay of 
various density and age to quantify the microstructure 

* Percolation experiments with tracers to identify the pathways 
by use of microscopy and autoradiography 

* Diffusion experiments for determination of the anion/cation 
diffusion capacity ratio of soft clays, as well as for identi
fication of pathways by use of electron microscopy and element 
analyses 

* Compaction experiments with Fuller-type grain distribution of 
bentonite powder in order to reduce the size of "external" 
pores and improve the microstructural homogeneity 
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